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ABSTRACT
Bursts of millisecond duration were recently discovered in the 1 GHz band. There is
a strong evidence that they come from ∼ 1 Gpc distances, which implies extraordi-
nary high brightness temperature. I propose that these bursts could be attributed to
synchrotron maser emission from relativistic, magnetized shocks. At the onset of the
magnetar flare, a strongly magnetized pulse is formed, which propagates away through
the relativistic magnetar wind and eventually reaches the nebula inflated by the wind
within the surrounding medium. I show that the observed radio bursts could be gen-
erated at shocks formed via the interaction of the magnetic pulse with the plasma
within the nebula. The model predicts strong millisecond bursts in the TeV band,
which could be observed even from distant galaxies.
Key words: magnetic fields – masers – radiation mechanisms: non-thermal – shock
waves – stars: neutron
1 INTRODUCTION
Recently, a number of isolated radio bursts has been dis-
covered in the Parkes pulsar surveys (Lorimer et al. 2007;
Keane et al. 2011; Thornton et al. 2013). These bursts are of
millisecond duration and exhibit very large dispersion mea-
sure, significantly exceeding the Galactic one. This suggests
that the sources are at cosmological distances (an alterna-
tive idea of Galactic origin is discussed by Loeb et al. (2014)
and Luan (2014)), D ∼ 1 Gpc, and the isotropic equivalent
of the total emitted energy is as large as E ∼ 1040 erg. The
rate of the bursts, ∼ 104 sky−1d−1, which corresponds to
∼ 10−3 yr−1galaxy−1, significantly exceeds that of gamma-
ray bursts.
It was suggested, on statistical ground, that the ra-
dio bursts could be produced by magnetar hyper flares
(Popov & Postnov 2007, 2013; Thornton et al. 2013). Other
proposed progenitors include supernova explosion in a bi-
nary containing a neutron star (Egorov & Postnov 2009),
collapse of a supermassive neutron star (Falcke & Rezzolla
2013; Zhang 2014), binary white dwarf or neutron
star merger (Keane et al. 2012; Kashiyama et al. 2013;
Lipunov & Pruzhinskaya 2013; Totani 2013), evaporation of
primordial black holes (Keane et al. 2012).
A very short time scale and a large energy release
suggest that the source is relativistic. Transparency of the
source with respect to the induced scattering of the radio
emission implies that the bulk Lorentz factor exceeds a few
thousand (Lyubarsky 2008). Even if the source is highly rel-
ativistic, the inferred brightness temperature is very high
therefore one has to look for a coherent emission mechanism.
In such cases, it is a common practice to appeal to charged
”bunches” (Falcke & Rezzolla 2013; Kashiyama et al. 2013;
Katz 2013). The problem with these models is that the
very existence of ”bunches” with the required properties is
just postulated. Alternatively, the high brightness temper-
ature emission could be attributed to maser mechanisms,
which of course could be formulated (optionally) in terms of
”bunches” but in this case, the bunches are naturally formed
via interaction with the radiation field itself so that a self-
consistent model could be developed.
Sagiv & Waxman (2002) considered synchrotron maser
radio emission from gamma-ray bursts. They assumed that
the required inverse population of relativistic electrons is
formed due to spontaneous synchrotron energy losses. How-
ever, the validity of this assumption at real conditions
has not been checked. Earlier Usov & Katz (2000) sug-
gested that if gamma-ray bursts are produced by relativis-
tic, strongly magnetized winds, they may be accompanied
by short pulses of low-frequency radio emission generated
by strong coherent oscillations of the current separating the
magnetized wind from the non-magnetized plasma incident
on the wind front. These oscillations arise due to the syn-
chrotron instability of a proton half-circle formed by the
reflecting particles. However, the incident plasma should be
separated from the wind by a forward shock formed due
to the Weibel instability of the reflected particles; then the
current at the contact discontinuity between the magnetized
wind and the shocked upstream plasma is stable and no co-
herent emission is expected.
A powerful synchrotron maser emission is generated
at the front of a relativistic shock provided the upstream
plasma is magnetized (Langdon et al. 1988; Hoshino et al.
1992; Gallant et al. 1992). The necessary magnetization is
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not large, the ratio of the magnetic to the plasma energy
should be σ > 10−3 (Sironi & Spitkovsky 2011). In this case,
the shock transition is mediated by Larmor rotation of the
incoming particles so that a ring distribution in the momen-
tum space is formed, which is relaxed via stimulated emis-
sion of low-frequency electro-magnetic waves. In this Letter,
I show that the cosmological radio bursts may be attributed
to the maser emission from relativistic shocks produced by
magnetar hyper flares.
2 A MODEL
According to the standard model of the soft gamma re-
peaters (Thompson & Duncan 1995), the flare occurs in the
magnetosphere of the magnetar when the magnetic tension
within the star breaks the crust thus opening the way to
a new equilibrium. The magnetic field within the star is
untwisted, the relaxation time, ∼ 0.5 s, being determined
by the relatively low Alfven velocity within the star. An ex-
treme case of magnetar’s flare could occur when the neutron
star itself eventually becomes unstable to a dynamic over-
turning instability that destroys most of its dipole moment
in a single event (Eichler 2002). During a hyper flare, a sig-
nificant fraction of the magnetic energy, B2∗R
3
∗ = 10
48B2
∗15
erg, is released producing the so called hard spike with the
duration 0.3− 0.5 s. In the course of the relaxation process,
slow motions of the neutron star crust distort the structure
of the abovelying magnetic field producing unstable config-
urations, which explode releasing the magnetic energy. Inas-
much as the Alfven velocity in the magnetosphere is close to
the speed of light, the magnetospheric explosions are very
fast, which is confirmed by the short observed rise time of
the flare, ∼ 1 ms (Palmer et al. 2005). This suggests that
the hard spike is in fact formed by many fast bursts merged
into a single long flare.
The energy released during the hard spike is too high
to be confined by the magnetar magnetic field therefore
an outflow is formed. Observations of the expanded ra-
dio nebula produced by the hyper flare from SGR 1806-
20 (Gaensler et al. 2005; Gelfand et al. 2005; Granot et al.
2006; Taylor et al. 2005) show that the outflow is only mildly
relativistic therefore it could not give rise to a relativis-
tic shock. However, one can speculate that at the onset of
the burst, a strong magnetic perturbation produces strong
MHD waves (Alfven and magnetosonic), which propagate
outwards in the non-perturbed magnetosphere. These waves
open the magnetosphere sweeping the magnetic field lines
into a narrow pulse propagating outwards through the mag-
netized magnetar wind. The amplitude of the pulse may be
presented as
Bpulse = bB∗
R∗
r
= 105
bB∗15
r16
G, (1)
where r is the distance from the magnetar, R∗ the radius of
the star, B∗ the surface magnetic field, b < 1 the dimension-
less constant. Here and thereafter, the notation A = 10xAx
in cgs units is used. In this paper, I show that a short radio
burst may be generated when the pulse reaches the nebula
inflated by the magnetar wind in the surrounding gas.
The magnetar wind resembles the pulsar wind. It is
formed by magnetized electron-positron plasma ejected from
the light cylinder. The wind power is determined by the spin-
down luminosity:
Lsd =
B2∗R
6
∗Ω
4
c3
= 4 · 1034B2∗15Ω4 erg s−1, (2)
where Ω is angular velocity of the magnetar. Since typical
magnetar periods are in the range 5-8 s, one can conve-
niently normalize Ω by unity. Inasmuch as the characteris-
tic life time of magnetars is only 1000 years, they remain
within the supernova ejecta. The magnetar wind is termi-
nated when the wind bulk pressure, Lsd/4pir
2c, is balanced
by the confining pressure, p. Beyond the termination shock,
the shocked plasma of the wind inflates a bubble resembling
a pulsar wind nebula (PWN). The radius of the wind termi-
nation shock is estimated as
rs =
√
B2∗R6∗Ω4
4pipc4
= 3.1 · 1015B∗15Ω
2
p
1/2
−8
cm. (3)
I take the fiducial pressure within the nebula p = 10−8 dyn
cm−2, which corresponds to a nebula expanding with the ve-
locity 500 km s−1 within a medium with the density 4·10−24
g cm−3. One can expect that, like PWNe, the magnetar neb-
ula is filled with relativistic electron-positron plasma and
magnetic fields roughly at the equipartition.
When the electro-magnetic pulse arrives at the wind ter-
mination shock, it pushes the plasma outwards like a mag-
netic piston. A forward shock propagates through the mag-
netized, relativistically hot plasma of the nebula whereas
a reverse shock goes into the magnetic piston. Between the
shocks, a contact discontinuity separates the shocked plasma
of the nebula from the magnetic piston. At the contact dis-
continuity, the magnetic pressure of the pulse is balanced by
the bulk pressure of the relativistically hot plasma entering
the forward shock.
The reverse shock is weak because the piston is highly
magnetized. Therefore the magnetic field in the piston is
nearly the same on both sides of the shock and may be
estimated by substituting the distance (3) into equation (1):
Bpulse = 3.2 · 105
bp
1/2
−8
Ω2
G. (4)
Let the contact discontinuity, as well as the plasma down-
ward of both the forward and the reverse shocks, move with
respect to the lab frame with the Lorentz factor Γcd. The
pressure balance in the contact discontinuity frame is writ-
ten as
B2pulse
8piΓ2
cd
= 4ξpΓ2cd, (5)
where the dimensionless factor ξ < 1 takes into account that
most of the energy in the nebula is contained in high energy
particles, which could loose their energy before completing
the full turn in the downstream magnetic field. In this case,
the bulk pressure decreases. This issue will be elaborated in
section 4.
Substituting equation (4) into equation (5), one finds
Γcd = 1.8 · 104 b
1/2
ξ1/4Ω
. (6)
The piston pushes forward the plasma and heats it. When
the piston passes the distance ∆r within the nebula, the pdV
work on the plasma is B2pulse∆r/(8piΓ
2
cd) per unit square.
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The energy in the pulse per unit square is ∼ (B2pulse/4pi)l,
where l is the pulse width. This energy is totally transferred
to the plasma at the distance
∆r = 2Γ2cdl = 6.4 · 1014 bl6
ξ1/2Ω2
cm. (7)
One sees that the pulse does not penetrate deep into the
nebula.
The reverse shock is strongly magnetized; the forward
shock is moderately magnetized (recall that in PWNe, the
magnetic field is roughly in the equipartition with the
plasma). Therefore both the reverse and the forward shocks
are mediated by Larmor rotation. Let us consider emission
from these shocks.
3 MASER EMISSION FROM THE FORWARD
SHOCK
Taking into account that the magnetization of the plasma
within the nebula is not small and only increases at the
shock front, let us assume for simplicity that in the shocked
plasma the magnetic field is in equipartition, which means
that the magnetic field is B = 2−1/2Bpulse. In the down-
stream plasma, the inverse population is formed at the par-
ticle energies less thanmec
2Γcd. In this case, the maser emis-
sion predominantly occurs at the rotation frequency of these
particles1, ν′ = Ω′B/2pi = eB
′/(2pimecΓcd), where the quan-
tities in the downstream frame are marked by prime. In the
observer’s frame, the main radiation frequency is estimated
as
ν0 =
1√
2
eBpulse
2pimecΓcd
= 42
ξ1/4b1/2p
1/2
−8
Ω
MHz. (8)
This frequency is lower than the observed one but simula-
tions show that the emitted spectrum extends to higher fre-
quencies (Gallant et al. 1992). This is presumably because
the particles radiate away their energy and become to rotate
faster.
If a fraction η of the particle energy is radiated away,
the observed luminosity is estimated as
L = ηN˙mec
2Γ2cd, (9)
where N˙ is the number of particles entering the shock per
unit time,
N˙ = 4pir2scn, (10)
n the particle density in the nebula.
The radiation power reaches a few per cent of the up-
stream energy (Gallant et al. 1992) however, most of the
energy is emitted at the basic frequency (8). The fraction of
the energy emitted at the observation frequency, ∼ 1 GHz,
is smaller therefore we normalize η by 10−3. The pulse pene-
trates into the nebula only the distance ∆r given by equation
(7). Therefore the total isotropic energy of the maser radio
emission is estimated as
1 More exactly, the emission peaks at the frequency Ω′B if σ > 1.
In the opposite case, the radiation peak occurs at a larger fre-
quency, ω = 0.5σ−1/4Ω′B (Lyubarsky 2006). Taking into account
that in our case, σ ∼ 1, I neglect this difference in rough esti-
mates.
Eradio = η4pir2smec2nΓ2cd∆r = 2·1046η−3b2B2∗15l6ξ−1n erg.(11)
The energies of the observed radio bursts, ∼ 1040 erg, could
be achieved at the particle densities in the nebula n ∼ 10−6
cm−3. Note that this is comparable with the particle density
in the Crab nebula. Taking into account the transit time
effects, the observed duration of the burst is
δt =
2
cΓ2cd
∆r = 1.3 · 10−4l6 s. (12)
4 VERY HIGH ENERGY EMISSION FROM
THE FORWARD SHOCK
In PWNe, the energy density and the pressure is determined
by high energy particles with the Lorentz factors γE ∼ 104−
106. At γ < γE the particle spectrum is a power law, ∝ γ−α,
with a rather shallow slope, α = 1− 1.5. With such a slope,
most of particles find themselves at low energies whereas the
plasma pressure and the energy density are determined by a
small fraction of high energy particles. Normalizing by the
plasma pressure, p, one can write the particle spectrum as
dnHE
dγ
=
(2− α)p
3mec2γ2E
(
γE
γ
)α
. (13)
Downstream of the forward shock, these particles rotate
in the magnetic field. In the downstream frame, the particle
Lorentz factor is γ′ = 2γΓcd and the particle momentum
is transferred to the downstream medium if it completes
at least a quarter of the Larmor rotation before it looses
the energy to the synchrotron emission. The corresponding
condition is
4
9
ω′Bγ
′2 < mec
3/e2, (14)
where ω′B = eBpulse/(
√
2mecΓcd) is the Larmor frequency in
the downstream frame. This condition means that the max-
imal energy of synchrotron photons detected by an observer
at rest is
ε1 ∼ h¯mec
3
e2
Γcd = 1.3
b1/2
ξ1/4Ω
TeV. (15)
Substituting the estimates (4) and (6) into equation
(14), one finds that only particles with the Lorentz factors
γ < γ1 = 9.2 · 104 ξ
1/8Ω3/2
b3/4p
1/4
−8
(16)
transfer their momenta to the downstream medium.
The coefficient ξ was introduced in equation (5) in order
to take into account that because the most energetic parti-
cles loose their energy before completing a Larmor turn, only
a fraction ξ < 1 of the total bulk pressure is really exerted
on the piston. The coefficient ξ is in fact the ratio of the
energy contained in the particles with the Lorentz factors
γ < γ1 to the total plasma energy. For the particle distribu-
tion function (13), one can write
ξ =
3
p
∫ γ1
1
mec
2γ
dnHE
dγ
dγ =
{
1 γ1 > γE(
γ1
γE
)2−α
γ1 < γE
(17)
Substituting equation (16), one gets an equation for ξ. At
α = 1, this yields
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ξ = min
(
1;
1.1Ω12/7
γ
8/7
E5 b
6/7p
2/7
−8
)
. (18)
For α = 1.5 one gets
ξ = min
(
1;
Ω4/5
γ
8/15
E5 b
2/5p
2/15
−8
)
. (19)
In any case the total available energy,
Etotal = B2pulser2l = 1048b2B2∗15l6 (20)
is emitted in the ultra high energy band (15) as a pulse with
the duration (12). Such a pulse could be observed from the
distance ∼ 100 Mpc.
5 MASER EMISSION FROM THE REVERSE
SHOCK
Let us now consider the maser emission from the reverse
shock. Let the plasma within the magnetic pulse move with
the Lorentz factor (estimated below) Γpulse. Downstream of
the reverse shock, the particles rotate in the magnetic field
with the Lorentz factor
γ′ = Γpulse/(2Γcd). (21)
Just as in the case of the forward shock, one can see that
the maser emission is generated at the frequencies
ν > ν0 =
eBpulse
2pimecγ′
. (22)
If the pulse carries N particles, and the radiation efficiency
is η (see section 3), the total emitted energy is
E = ηNmec2Γpulse. (23)
The magnetic pulse picks up the plasma accumulated
in the magnetosphere. At the quiescent state, the magnetar
magnetosphere is filled by electron-positron plasma gener-
ated in cascades induced near the surface of the star by slow
untwisting of magnetospheric field lines (Thompson et al.
2002; Beloborodov & Thompson 2007; Thompson 2008;
Beloborodov 2013a). The pairs going beyond the distance
∼ 10R∗ could not come back to the star because the X-ray
emission from the surface exerts on them strong pressure
in the cyclotron resonance. These pairs are accumulated in
the upper magnetosphere until the injection is balanced by
annihilation (Beloborodov 2013b). Most of pairs is accumu-
lated in the outer parts of the magnetosphere, r ∼ c/Ω. Let
us estimate the total number of the accumulated pairs.
The pair injection rate is determined by currents in the
magnetosphere. Let us consider a twisted bundle of magnetic
field lines with apex radii rmax ∼ c/Ω. A cascade near the
surface of the star injects the pairs, from two poles, at the
rate
N˙ = 2κI/e, (24)
where I is the electric current in the bundle, κ the pair
production multiplicity. The theory of pair production in
magnetars predicts κ ∼ 100 (Beloborodov 2013a). The
current in the light cylinder region could not exceed the
Goldreich-Julian current flowing in the open field line tube,
IGJ = B∗Ω
2R3∗/2c, because the ”toroidal” component of the
magnetic field could not exceed, by stability considerations,
the poloidal one. Therefore the particle injection rate (from
two poles) into the external part of the closed magnetosphere
is roughly the same as the rate of particle ejection from the
magnetosphere into the wind zone:
N˙ = κ
B∗Ω
2R3
∗
ec
= 7 · 1033κ2B∗15Ω2 s−1. (25)
The pair density in the magnetosphere, n, is established
when the injection is balanced by annihilation:
N˙ = 〈σv〉n2V. (26)
Here V ∼ (c/Ω)3 is the volume of the magnetosphere, 〈σv〉
the annihilation rate. The pairs in the upper magnetosphere
are non-relativistic due to the Compton interaction with the
X-ray emission from the star’s surface; then 〈σv〉 = pir2ec.
Now the total number of accumulated pairs is estimated as
N = nV = 5.1 · 1039
√
κ2B∗15
Ω
. (27)
The Lorentz factor of the plasma within the pulse may
be expressed via that in the wind frame, Γ′pulse, and the
Lorentz factor of the wind, Γ′wind, as
Γpulse = 2ΓwindΓ
′
pulse. (28)
Let the pulse be fully electro-magnetic so that the electric
and the magnetic fields of the pulse are equal, Epulse =
Bpulse and the pulse propagates with the speed of light. The
plasma within the pulse moves with the velocity v = cE/B.
In the wind frame, the plasma moves with the velocity
v′pulse =
Epulse
Bpulse +Bwind
c, (29)
where
Bwind = B∗
R3∗Ω
2
c2r
(30)
is the magnetic field in the wind. Note that the rhs of equa-
tion (29) is independent of both the frame of reference and
the distance, r. Taking into account that Bpulse ≫ Bwind,
one finds the Lorentz factor of the plasma in the pulse as
Γ′pulse =
√
Bpulse
2Bwind
=
√
b
2
c
ΩR∗
= 2.1 · 104 b
1/2
Ω
. (31)
Now let us consider the Lorentz factor of the wind.
Without dissipation, the wind practically stops accelerat-
ing after passing the fast magnetosonic velocity so that
the final Lorentz factor is Γwind = few × [Lsd/(m2c2N˙)]1/3
(Beskin et al. 1998). Substituting equations (2) and (25),
one finds
Γwind = few × 100(B∗15Ω2/κ2)1/3. (32)
The wind could be accelerated further out due to dissipa-
tion of alternating magnetic fields (Lyubarsky & Kirk 2001;
Kirk & Skjæraasen 2003). The field is dissipated in current
sheets separating the stripes of opposite magnetic polarity,
the distance between the stripes being d = pic/Ω = 9·1010/Ω
cm. One sees that at the Lorentz factor (32), the adjacent
stripes remain causally disconnected when the wind arrives
at the termination shock, which implies that dissipation in
the current sheets could hardly accelerate the flow. Taking
this into account, I normalize the wind Lorentz factor by
1000.
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Now the particles Lorentz factor in the downstream
frame is presented as
γ′ =
ΓwindΓ
′
pulse
Γcd
= 1.2 · 103Γwind,3. (33)
The main radiation frequency for the maser emission is
ν0 = 750
bp
1/2
−8
Γwind,3Ω2
MHz. (34)
Note that this frequency is close to the observed one. The
radiation efficiency, η, at ν ∼ ν0 may be as high as a few
per cent (Gallant et al. 1992). The total emitted energy is
estimated as
E = 1.8 · 1039η−2Γwind,3
√
bκ2B∗15
Ω3
erg. (35)
One sees that the reverse shock could produce the observed
radio bursts‘ as well as the forward shock.
6 CONCLUSIONS
It has already been proposed on statistical ground that cos-
mological fast radio bursts are produced by magnetar hyper
flares (Popov & Postnov 2007, 2013; Thornton et al. 2013).
In this Letter, I develop a model for such bursts. Magne-
tars, like pulsars, permanently emit relativistic, magnetized
winds inflating in the surrounding medium nebulae filled
with the relativistic electron-positron pairs and magnetic
fields. The magnetized electron-positron plasma is injected
into the nebula at the wind termination shock that occurs
at the distances ∼ 1015−1016 cm from the magnetar. When
the magnetosphere of the magnetar is violently restructured
giving rise to a gamma flare, a strong magnetic pulse propa-
gates outwards in the magnetar wind and eventually crosses
the termination shock. Within the nebula, the pulse pushes
the plasma outwards producing a strong, highly relativis-
tic forward shock whereas within the pulse itself, a reverse
shock arises.
Both the forward and the reverse shocks are magne-
tized, i.e. mediated by the Larmor rotation. At the front of
such shocks, the ring-like particle distribution gives rise to
powerful syncrotron maser emission (Langdon et al. 1988;
Hoshino et al. 1992; Gallant et al. 1992). Here I have esti-
mated the parameters of this emission and have shown that
it could naturally account for the observed fast radio bursts.
One can expect that in magnetar nebulae, like in
PWNe, most of the energy is contained in highly relativis-
tic pairs. At the forward shock, they are boosted to very
high Lorentz factors so that in the shock enhanced mag-
netic field, they immediately loose the acquired energy to
synchrotron emission. The characteristic frequency of this
emission is Lorentz shifted into the TeV band. Therefore
the model predicts that magnetar hyper flares are accom-
panied by millisecond very-high energy gamma-ray bursts,
which could be observed by Cherenkov telescopes from the
distances ∼ 100 Mpc.
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